In micro-satellites, delicate instruments are compacted into a limited space. This raises concerns of active cooling and remote cooling. Silicon based micro-pump arrays are employed thanks to manufacturing simplicity, a small cryogen charge, etc, and keep the instruments within a narrow cryogenic temperature range. The pumping capacity and reliability of the micro-pump are critical in terms of heat balance calculation and lifetime evaluation. The pumping capacity is associated with the diaphragm deflection while the reliability is associated with stress and fatigue. Both of them heavily depend on the silicon diaphragm, one of the key components. This paper examines the pumping capacity and reliability of the micro-pump under cryogenic temperature for micro-satellite applications. In this work, differential pressure was used for the actuation of a single-crystal silicon diaphragm. Diaphragm deflection and stress distribution were achieved using interferometry and micro-Raman spectroscopy, respectively. As a result, smaller pumping capacity was derived under cryogenic temperature, compared to that under room temperature, indicating a stiffer material. From stress mapping, the edge centers were believed to be the most vulnerable to fracture, which was further validated by analyzing the fracture diaphragm. Moreover, a fatigue testing was conducted for 1.8 million cycles with no damage found, verifying silicon as a viable material for long time operation in a cryogenic environment.
Introduction
With growing micro-satellite technologies, more and more instruments are being compacted into a limited space for scientific concept validation. Heat is generated by these compacted electronic systems, and if exposed, by radiation absorption as well. The generated heat needs to be dissipated in time in order to maintain the heat sensitive instruments, especially the infrared imaging components, within a narrow cryogenic temperature range for an acceptable signal-to-noise ratio. However, the lack of atmosphere in outer space results in the loss of a primary cooling mode. Hence, a cooling system is required which should have the capability of active cooling for rapid and efficient heat dissipation, as compared to gas flowing over devices or passive atmospheric heat exchangers [1, 2] . Moreover, since the imaging components need to move and rotate smoothly for image capturing, the cooling system should also have the ability for remote cooling, which is known as a cooling solution in electronic devices [3] . That is to say, the heat exchanger system (cryocooler) needs to be located remotely from the imaging components. For this application, the cryogenic transportation distance between the instruments and the cryocooler should range from 1 m to 3 m.
There have been several systems implemented for cooling space instruments. For example, NASA has applied a capillary pumped loop (CPL) utilizing a turbo pump for cooling infrared cameras on the Hubble telescope [4] . In this cooling system, there was a need to replace a limited lifetime dewar, which hinders the use of the system incessantly for a long duration. Another current type of technique in practice applies heat pipe technology. First seriously utilized by Grover at the Los Alamos National Laboratory in 1963, heat pipe technology has been used extensively in satellite-based missions transferring energy from a heat source at one end to a heat sink at the other [5] . While this approach allows for substantial active cooling capabilities, it requires direct coupling with the instruments which is not readily compatible for remote cooling.
We are building a system using a micro-pump array for cooling instruments on micro-satellites which employs both active cooling and remote cooling [6] . Briefly speaking, the micro-pump array is placed between a radiator attached to the instruments and a cryocooler located on the main body of the micro-satellite, with a 2-axis gimbal providing flexibility. The micro-pump array is actuated at a specific frequency as required of the desired pumping rate. More detail of the system design is given in the following section.
Concept
Our concept is a pumped 2-phase loop that utilizes a micro-scale diaphragm pump array for cryogen transportation ( figure 1(a) ). A long tube is used to transfer cryogen from a cryocooler, containing liquid helium, to the instruments. As can be seen, the tube is made up of two spiral coils acting as a 2-axis gimbal to provide flexibility. It is connected to a micro-pump array. Each micro-pump consists of multiple silicon wafers, making up the diaphragm, inlet flipper and outlet flipper ( figure 1(b) ). Compared to previous cooling systems, this system has minimal hardware, greatly reduced mass and a significantly smaller working fluid charge. This arrangement makes for easier routing and reduces the exposed surface area to make parasitic heat gain as small as possible.
During the operation cycle, the diaphragm deforms upwards by some sort of actuators, and the inlet flipper opens due to the negative pressure so as to bring the cryogen into the chamber. After a predetermined duration the diaphragm deforms downwards in response to the actuator. In turn, the outlet flipper opens due to the positive pressure, pumping cryogen out of the chamber. The cycle then repeats itself. As can be seen, the diaphragm is the key component in the micro-pump. By overdriving the actuator, stroke amplitude can be determined solely by the diaphragm deformation while remaining insensitive to the inlet pressure, outlet pressure and cryogen viscosity [7] . Moreover, the diaphragm is most crucial in terms of reliability due to its most frequent and substantial deformations.
This paper is specifically intended to describe the work of investigating the pumping capacity and reliability of a singlecrystal silicon diaphragm under cryogenic temperature. The results of this paper will provide an important insight into the performance and capabilities of silicon as the pump diaphragm material for low-temperature space applications.
Experimental setup
To generate the pumping capacity of the micro-pump, some sort of actuation is required to deform the silicon diaphragm. These actuation approaches include piezo disc [8] , differential pressure [9] , electrostatic [10] , thermopneumatic [11] , etc. Unfortunately, most of these approaches are either incompatible with the cryogenic operation requirements or are too complicated to be integrated with the proposed system. In order to simplify the performance evaluation and measurement, in this work, differential pressure actuation using compressive gas was employed due to its simplicity and low cost.
Pumping rig
The pumping rig constructed to cycle the silicon diaphragm is illustrated in figure 2 . Owing to the cryogenic environment during measurement, compressive gas was first fed through a desiccator to avoid gas pipe blockage, which was then followed by a solenoid valve to adjust the differential pressure. A three-way valve, controlled by a function generator, was also involved for fast pressure switching. Afterwards the gas was fed to a two-part sample holder where the silicon diaphragm The experimental setup is made up of a pumping rig and a cryogenic dewar. The compressive gas generated by the pumping rig was led into the double-layered dewar to cycle the silicon diaphragm. During measurement, the silicon diaphragm was pumped by the compressive gas from the back side and an interferometer measurement was conducted from the front side through an optical window.
was sandwiched between the two parts using bolts. The upper part was designed to have an opening in the center so as to facilitate the interferometry measurement, while the lower part had a chamber reaching the back side of the silicon diaphragm. In order to ensure good assembling and sealing, the contact surfaces of the sample holder were finely milled, and a rubber layer was inserted as buffer between the holder and the diaphragm to avoid direct contact. In addition, high vacuum grease was smeared on to reduce possible leakage.
Cryogenic dewar
To imitate the cryogenic operation environment, a doublelayer dewar was designed and built. Figure 3 gives a series of photographs showing details of such a system. In this work, liquid N 2 was selected as the cryogen and filled into the inner layer, while the outer layer was vented to a high vacuum for thermal isolation. As can be seen, the sample holder was mounted on the cold finger, attaching directly with the inner layer. A long cooling coil was wound around the inner layer, precooling the gas before it reached the sample holder to minimize thermal expansion of the compressive gas. Given that such a setup requires only a small charge of compressive gas, thermal expansion of the compressive gas can be neglected.
Diaphragm fabrication
As the most critical step of micro-pump fabrication, square silicon diaphragms were fabricated on 525 µm thick (100) silicon wafers using the standard process illustrated in figure 4. Each wafer was first cleaned using a three-step RCA process. Following satisfactory cleaning of the wafer, an intermediate layer of 5000Å thick SiO 2 was deposited on the wafer. Then, 2000Å thick Si 3 N 4 was deposited using LPCVD as a mask for KOH etching. Subsequently, the photoresist was spin coated, exposed and developed for patterning. RIE and BOE processes were applied afterwards to remove the patterned Si 3 N 4 and SiO 2 layers, respectively. After the removal of the photoresist, KOH etching was carried out. Finally, the Si 3 N 4 and SiO 2 layers were removed. Following the completion of the above-mentioned processing, a silicon diaphragm was formed.
The resulting silicon diaphragms range from 30 to 150 µm in thickness and 2 to 6 mm in length. The actual lateral dimension of the diaphragms was measured with sufficient accuracy using an optical microscope (NIKON OPTIPHOT 150). The thicknesses of the diaphragms were measured using a Fourier transform infrared spectroscope (RUKER IFS 66/S) for an accurate estimation of pumping capacity and reliability. The diaphragms were then diced into 10 mm × 10 mm pieces using a diesaw. The cryogenic dewar that was built for performance and capability evaluation of silicon for low-temperature space applications. The sample holder was mounted on the cold finger of the cryogenic dewar to maintain the cryogen temperature.
Results and discussion
Each diced piece was mounted on the sample holder and cycled at various pressures (10 to 50 psi) and under different temperatures from room temperature (about 298 K) down to liquid nitrogen's boiling point (about 77 K). The pumping capacity and reliability of the silicon diaphragm were evaluated by means of the following approaches.
Pumping capacity
Pumping capacity generally refers to the stroke volume of the micro-pump within a specific period, which depends on both diaphragm deformation under maximum differential pressure and actuation frequency. Given a constant frequency by means of the actuator, pumping capacity is solely determined by the maximum deflection, i.e. out-of-plane movement, of the diaphragm.
Deflection measurement.
Before measuring under cryogenic temperature, the experiment was first conducted under room temperature for feasibility evaluation. Figure 5 (a) shows deflection mapping using a white light interferometer (WYKO NT100), which has a good agreement with the FEM result illustrated in figure 5(b) . The Young's modulus of the diaphragm under room temperature was found, from the measured maximum deflection ( figure 5(c) ), to be 163 GPa based on diaphragm mechanics [12] , compared to the theoretical value of 168 GPa. Furthermore, deflections changing with differential pressure show a linear dependence ( figure 5(d) ), corresponding to the theoretical results.
In cryogenic experiments, smaller deflections were found, as illustrated in figure 6 . Taking the maximum deflection within the diaphragm under room temperature as 100%, the deflection under the liquid nitrogen temperature turned out to be about 70%, indicating a much stiffer diaphragm under the cryogenic environment.
Integrating over the diaphragm region, the corresponding pumping capacity was derived from the measured deflection as shown in figure 7 . For example, the pumping capacity is 0.24 mm 3 during a single cycle in a 6 mm × 6 mm square, 110 µm thick, diaphragm with 40 psi differential pressure under liquid nitrogen's boiling point, while it is 0.36 mm 3 under room temperature.
Calibration.
According to diaphragm mechanics [12] , for a square diaphragm, Young's modulus varies inversely with the maximum deflection as
where γ is the Poisson ratio, p is the differential pressure, h is the diaphragm thickness, a is the half length and ω is the maximum deflection in the square center. The inverse variation of Young's modulus with the temperature was investigated in this paper as an indirect calibration for the deflection measurement based on previous research upon the dependence of laser acoustic waves with the mechanical properties under room temperature [13, 14] .
For the laser acoustic wave measurement, a skewed Michelson interferometer was built using a 532 nm Nd:YAG laser for surface wave generation and a 514.5 nm Ar/ion laser as the detection probe. Figure 8(a) shows the setup. A smaller propagating time was found associating with cryogenic temperature, indicating an increased elastic modulus (to be further elaborated in other publications). Figure 8(b) gives Young's modulus derived under room temperature, which is about 71% of that under 80 K. This increased Young's modulus under cryogenic temperature further validates the stiffness change with temperature.
In spite of the fact that the stiffening trend of the elastic modulus in low temperature corresponds with the anharmonic effects of the lattice vibration, the measured temperature variation of Young's modulus has an apparent discrepancy with Wachtman's semiempirical equation [15] and its derivative [16] . There are two major reasons for this discrepancy: first, most of the previous research was focused on bulk material, where the measurement was averaged over the whole dimension of the subjected specimen. With dimension shrinking, it has been reported that the mechanical properties (Young's modulus, Poisson ratio, etc) of thin film might not agree with the bulk value [17] ; another contribution for the discrepancy is the CTE (coefficient of thermal expansion) mismatch with temperature. The mismatch is not only between the silicon and the material of the sample holder, but also between the silicon diaphragm and the adjacent bulk silicon, which will result in residual stress as the temperature decreases, and in turn will stiffen the diaphragm. Further work is ongoing to quantify the mismatch in assembled micropump units so as to determine its consequence upon pumping capacity.
Reliability
Suffering substantial deformation most frequently during cryogen transfer, the silicon diaphragm is the most vulnerable component in the micro-pump in terms of structural failure, more specifically in the form of fracture and fatigue.
Stress and fracture.
Micro-Raman spectroscopy was applied herein for surface stress mapping. The incoming photons from the Raman source interact with phonons of the surface atoms, resulting in an energy exchange, which is represented by the change in wave number, known as a Raman shift. As reported, in the cases of uniaxial or biaxial stress, the Raman shift can be interpreted linearly with stress in the vicinity of the top surface [18, 19] .
Before stress mapping, a simulation was first conducted to predict the stress profile within the diaphragm region ( figure 9 ). Since the thickness of the silicon diaphragm is much smaller compared to its lateral dimension, the stress distribution in the top surface can be regarded as a biaxial case. As shown, the shear stress and out-of-plane stress were much smaller than the in-plane stress (X-axis and Y-axis).
The stress profile within a quarter area of the top surface is shown in figure 10(a) . As seen in the figure, the compressive stress concentrates in the edge center while the tensile stress concentrates in the diaphragm center. Provided geometric symmetry, the edge center in the bottom surface suffers tensile stress and is most vulnerable to fracture. The accuracy was ensured by line scanning from the corner to the edge center, which shows an agreement with FEM simulation as in figure 10(b) .
Furthermore, the stress profile was validated from a fractured sample shown in figure 11 , which has fracture cuts lying along the diaphragm edges. High differential pressure was applied to make it fracture. The diaphragm failure is believed to occur in the following way: the initial crack originates from the edge center, the most vulnerable region, expands normally to the tensile stress orientation until it approaches the diaphragm corner, where the stress level is rather low. As such, the two neighboring cuts join each other in the vicinity of the corner and are immediately pumped off by compressive gas, leaving the diaphragm corner on the sample as shown. The fracture cuts, however, are not exactly parallel to the edges due to the force imbalance induced during sample assembly. It should be noted that the edges are aligned to the (100) orientation of the silicon substrate, which could also contribute to the fracture.
Given the yield strength of a single-crystal silicon as 7 GPa and safety coefficient as 2, the maximum allowable differential pressure that could be applied to the micro-pump is deduced. For example, for a 40 µm thick, 6 mm × 6 mm diaphragm, the maximum allowable pressure is calculated to be about 86 psi. A large safety coefficient was preferable by the fact that the bonding of multi layers might induce initial stress to the diaphragm. Differential pressure (psi) Figure 7 . Pumping capacity as a function of differential pressure at room (∼293 K) and cryogenic temperatures (∼77 K).
Fatigue.
It is important to note that when cyclic stresses are applied, most materials degrade, e.g., suffer premature failure due to a phenomenon known as fatigue, the most commonly experienced form of structural failure yet one of the least understood. Fatigue of ductile materials is generally attributed to cyclic plasticity involving dislocation motion that causes alternating blunting and resharpening of a pre-existing crack tip as it advances. In contrast, the corresponding mechanisms of fatigue in brittle materials, such as single-crystal silicon used in MEMS, are quite different. It was generally accepted that premature fatigue would not be expected in such brittle materials due to very limited dislocation mobility at a low homologous temperature. However, in recent years it has been reported that thin, single-crystal silicon films at stresses much lower than their fracture strength have a delayed failure [20] , which not only causes silicon micromechanical devices to fail prematurely due to fatigue, but also leads to a large accumulated error due to the loss of stiffness, detrimentally affecting silicon-based micromechanical devices that rely on a constant stiffness for timing or desired functionality. Fatigue investigation of single-and polycrystalline silicon under room temperature has been extensively reported [21] [22] [23] [24] [25] [26] [27] , while little is available under cryogenic temperature. Although it is believed that single-crystal silicon has very limited dislocation mobility at a low homologous temperature due to high Peierls forces, making the possibility of cyclic fatigue failure far less obvious, no experiment validation has been conducted.
This section addresses some of these issues. The fatigue capability of single-crystal silicon at liquid nitrogen temperature was investigated. The test rig for this is shown in figure 12 . A sample square silicon diaphragm that was 30 µm in thickness was mounted in a Teflon assembly that was attached to a helium gas bottle. The helium pressure was alternated between 10 psi and 0 psi by a three-way Figure 12 . The fatigue test rig was constructed to cycle a 30 µm thick square-shape silicon diaphragm at liquid nitrogen temperature. This silicon diaphragm was cycled through 1.8 million pressure cycles at liquid nitrogen temperature with no damage (i.e., was operated for approximately 10 days with 24 h of operation each day). Figure 11 . Results of the fracture tests. Fracture cuts (dashed) are parallel to the diaphragm edges. This indicates that the crack, originating from edge centers in the bottom surface, extended towards the two neighboring corners along the orientation normal to tensile stress. (Note: Due to the force imbalance during clamping, the fracture cuts are not exactly parallel to the edges.) Since there is almost no stress in the diaphragm corners, two fracture cuts in the vicinity indeed joined each other in the corner regions, leaving some residuals at the corner of the sample.
valve. The valve was actuated by an electric frequency generator that operated at 5 Hz. This particular frequency is the typical frequency needed to fully pressurize and vent the diaphragm. The assembly was lowered into a dewar filled with liquid nitrogen and was operated for approximately 10 days with 24 h of operation each day. From this time period it was estimated that the test diaphragm was exposed to approximately 1.8 million pressure cycles at liquid nitrogen temperature. Inspection at the completion of this cycling showed that no damage had occurred to the test diaphragm, which demonstrates single-crystal silicon as a viable material for cryogenic micro-pump applications.
Conclusion
This paper describes the work of investigating the pumping capacity and reliability of a single-crystal silicon diaphragm under cryogenic temperature for micro-satellite applications. It was found, from deflection measurement, that smaller pumping capacity is associated with lower temperature, indicating a much stiffer diaphragm. The stiffness change was validated by the laser acoustic approach. This elevated stiffness is believed to be owing to the interaction change between silicon atoms in response to the lowered temperature. This stiffness dependence upon temperature will be taken into account in future heat dissipations to maintain the instruments within a desired narrow temperature range.
From the stress mapping, edge centers were found to be most vulnerable in the diaphragm, which is believed to be the first fractured region. Based on the fracture strength of silicon, appropriate pressure, and safety coefficient will be selected for pumping capacity determination to avoid fracture failure. For long-term reliability, it was discovered through the preliminary fatigue testing that silicon is a viable material for long time operation in a cryogenic environment.
